Conductive aqueous working fluid is increasingly being used instead of dielectric oils or deionized water for hole-fabrication in steel by means of electrical discharge machining (EDM). In the present study, the drilling speed, rate of wear on a tool electrode, and the precision of a hole-fabrication EDM system using aqueous working fluid (conductivityϽ1000 mS/cm) were examined. The working fluid was deionized water containing an additive which was composed of a surfactant (dispersant for other contents), a cleaner, an extreme pressure agent, an antirust agent, an antiseptic, and an antifoaming agent. For holes of diameter 0.40-1.20 mm and depth of 20 mm fabricated in S50C steel, the drilling speed and the wear on the tool electrode were improved by increasing the amount of additive. However, the precision of the fabricated hole decreased when the additive was used.
Introduction
The electrical discharge machining (EDM) method is frequently employed to fabricate deep, narrow holes in steel. A copper or brass pipe has conventionally been used as the tool electrode. A workpiece of drilled steel is usually immersed in dielectric oil. The dielectric oil, as the working fluid, flows inside the tool electrode to cool down the drilled portion and to flush out debris produced at the gap between the tip of the tool electrode and the workpiece. Deionized water can also be used as the working fluid, when the workpiece is not immersed in deionized water. 1) Numerous pulsed sparks produced between the workpiece and the tool electrode lead to the workpiece erosion and eventually holefabrication. 2) Deep, narrow hole-fabrication in EDM using conductive saline water has been studied.
3) Aqueous working fluid is now being accepted because of its nonflammability and its significant contribution to high-speed fabrication. Aqueous working fluid is deionized water or a tap water based solution containing several types of additive. Such high-speed hole-fabrication EDM systems using aqueous working fluid are now available commercially. However, their fundamental performance, e.g., drilling speed, rate of wear on the tool electrode, precision of the fabricated hole, and roles of the operating parameters, have not been investigated.
In the present study, the drilling performance of the above EDM system was examined as a function of the amount of additive in the working fluid and the spark pulseon duration of the current. The drilling performance, using various diameters of the electrodes, was also evaluated. The holes were fabricated in S50C carbon steel of 20 mm thickness using tool electrodes of f 0.3-1.0 mm.
Experimental Methods
A commercial hole-fabrication EDM system (A22M-P2, ASTEC Corporation, Tokyo, Japan) was employed in this study. A schematic of the EDM system is shown in Fig. 1 . The EDM system consists of a power source, a tool electrode and a motion control system. The power source modulates a DC voltage (70 V), providing a pulsed spark current to the gap across the tip of the tool electrode and the workpiece by means of MOS-FET switching. The level and the pulse on/off duration of current are varied, depending on the diameter of the tool electrodes. The capacitance is connected to the power source in parallel.
The EDM system controls the pulsed sparks simply by moving the tool electrode closer to or further from the workpiece, which wears as drilling proceeds. The determination of whether to approach or to retreat depends on the voltage across the gap (V G shown in Fig. 1 ) and the threshold voltage (V T ).
2) The tool electrode vibrates in response to the feedback servocontrol so as to minimize (V G ϪV T ). When V G is higher than V T , the tool electrode approaches the workpiece to generate sparks. Otherwise, it retreats from the workpiece to extinguish sparks and thus inhibit excessive current. Three types of copper pipes, with exter-nal diameters of 0.3, 0.5 and 1.0 mm, which were all 200 mm in length prior to the drilling, were used as the tool electrodes. The working fluid is provided to the drilled portion through the inside of the tool electrode to flush out debris produced as a drilling byproduct. The internal diameters of the tool electrodes with external diameters of 0.3, 0.5, and 1.0 mm are respectively 0.15, 0.20, and 0.35 mm. The polarity of the tool electrode is positive.
The additive (High-cut GT-1) used to increase the drilling speed was also supplied by the ASTEC Corporation. The additive includes polyether as a surfactant (dispersant for other contents), fatty acid salt as a cleaner, a phosphor-based chemical as an extreme-pressure agent, carboxylic amine salt as an antirust agent, triazine as an antiseptic, and a silicone-based chemical as an antifoaming agent. The concentration of the above ingredients was not disclosed. The working fluid is deionized water (Ͻ1 mS/cm) containing the above additive. The conductivity of the working fluid containing different levels of additive is shown in Table 1 .
The drilling speed and wear rate of the tool electrode are defined as (drilling depth, i.e., 20 mm)/(drilling time) and (wear length)/(drilling depth), respectively. The bore of the fabricated hole is defined as an average of its inlet and outlet bores, and was evaluated with an aid of a video microscope system (VH-5000, Keyence, Osaka, Japan). The operating conditions for the hole-fabrication in this EDM system are summarized in Table 2 . Similar conditions for the various electrode diameters may be convenient in order to compare the results. However, in order to attain hole-penetration in the 20 mm-thick workpiece at the set range of pulse-on durations, the levels of capacitance, peak current, and threshold voltage were chosen to be adequate for the electrodes with diameters of 0.3, 0.5, and 1.0 mm.
Results and Discussion

Drilling Speed and Tool Electrode Wear
The workpieces are drilled as a function of current pulseon durations using electrodes with diameters of 0.3, 0.5 and 1.0 mm. A working fluid containing different levels of additive was used. Figure 2 shows the results for the f 0.3-mm tool electrode. The maximum level of additive was set to be 2.2 mass% because considerable char deposition, which was attributable to organic ingredients in the additive, could be formed at the tip of the tool electrode at the level of Ͼ2.2 mass%. The drilling speed is lowest and the wear on the tool electrode is largest when the additive is not used (0 mass%). In addition to this, at the long pulse-on duration of Ͼ30 ms, the hole-penetration in the 20-mm-thick workpiece was not complete. It is clear that the additive increases the drilling speed and reduces the wear on the tool electrode. The highest drilling speed appears at the pulseon duration of 30 ms for additive levels of 1.5 and 2.2 mass%, while the highest drilling speed occurs at 10 ms duration for 0.7 mass%. The increment from 1.5 to 2.2 mass% provided a small increase in the drilling speed. At the long pulse-on duration (60 ms), the drilling speed for 0.7-2.2 mass% is similar. The rate of wear on the tool electrode at 0.7 mass% seems to be somewhat smaller than that Table 1 . Conductivity of deionized water-based working fluid with different levels of additive. with more additive. It is also seen that the rate of wear increases slightly with the pulse-on duration except when an additive is not used. Drilling results for the f 0.5-mm electrode are shown in Fig. 3 . It is observed that the drilling speed increases with the increase in the amount of additive. The drilling speeds at the additive levels of 1.5 and 2.2 mass% are similar and are highest in all the pulse-on durations. The highest drilling speed appears at the pulse-on durations of 40 ms when additive is used. A small difference in the drilling speed is observed at the shortest pulse-on duration (10 ms) for all levels of additive. Disuse of the additive leads to the largest wear on the tool electrode in all the pulse-on durations. The wear on the tool electrode is not influenced by the amount of additive that is used. It is approximately constant for all the pulse-on durations for which an additive is used. Figure 4 shows the test result of drilling with the f 1.0-mm electrode. The drilling speed increases with the level of additive at all the pulse-on durations. The increase in drilling speed is not reduced even if the amount of additive is increased from 1.5 to 2.2 mass%, which is different from those using the f 0.3-and 0.5-mm electrodes. For all the additive levels, the pulse-on duration of 40-60 ms seems to be adequate for the high drilling speed. It is found that the wear on the tool electrode is much reduced by the inclusion of an additive. The wear on the tool electrode is independent on the duration of the pulse-on, and it is not related to the level of additive used (1.5 and 2.2 mass%).
Precision of Fabricated Holes
Inlets appeared in the fabricated holes. Figure 5 shows the photos of holes fabricated using the f 0.3-mm electrode at the additive levels of 0, 0.7, and 1.5 mass%. The current pulse-on duration was fixed at 30 ms. The white circle in Fig. 5 is a f 0.7-mm scale. When the additive was not used, a circle inlet of f 0.4 mm with a slightly chipped edge appeared. However, a higher level of additive produces an inlet which has a deformed hole. The inlets of the fabricated holes using the f 1.0-mm electrode are shown in Fig.  6 . The additive levels were 0, 1.5, and 2.2 mass%. The current pulse-on duration was 40 ms. The white circle in Fig. 6 is a f 1.4-mm scale. A precise circle of f 1.20 mm appeared when an additive was not used. It is obvious that the use of the additive produces a deformed hole. On the other hand, the outlets of the fabricated holes were precise circles, as can be seen in the inlets fabricated without using an additive.
Drilling Performance of High-speed EDM System Using Conductive Aqueous Working Fluid
The above results indicated that the additive increased the drilling speed and reduced the wear on the tool electrode. An additive level of Ͼ1.5 mass% and a current pulseon duration of 30-60 ms contributed to a high drilling speed for the tested diameter of the tool electrode. In addition to this, an additive at 0.7-2.2 mass% provided a similar degree of wear on the tool electrode. The conductivity of the working fluid at 2.2 mass% was 711 mS/cm, a value higher than that of general tap water in Japan (100-200 mS/cm).
The drilling test results were analyzed from the point of view of energy efficiency. Tables 3 and 4 show the supplied power and the drilling energy efficiency when an additive is omitted and when it is used (2.2 mass%). In both cases, the average power increases with the pulse-on durations for all the diameters of the tool electrode. However, a long pulseon duration is not effective for an increase in the drilling volume per unit energy. It is obvious that the additive greatly improves the drilling volume per unit energy. With an additive of 0.7 and 1.5 mass%, the average current level and the average diameter of the fabricated hole were verified to be almost similar to those at 2.2 mass%, indicating that the drilling volume per unit energy is independent of the additive level at 0.7-2.2 mass%.
The current and voltage behaviors during the hole-fabrication EDM were observed. The trends of the current and voltage behaviors at various operation conditions were analyzed using the acquired waveforms. Generally, erosion of the workpiece requires its fusion caused by numerous © 2007 ISIJ Table 3 . Supplied power and energy efficiency in drilling tests when additive was not used. pulsed sparks and a removal of the fused portion resulting from vaporizing expansion of the working fluid. 1) Figure 7 shows typical current and voltage waveforms during the drilling test using the f 0.5 electrode with and without the additive. It is observed that, if an additive is not used, several current plateaus appear on the wide-time range waveform for 10-15 ms. It should be noted that a lower level of additive tended to produce such current plateaus, which was a common tendency for all diameters of the tool electrode and the current pulse-on durations. The observed current plateau involves an unquenched spark, which is related to the accumulation and the deposition of debris at the tips of the tool electrode and/or the workpiece. The current plateau may be useful for the workpiece fusion, but it did not promote workpiece removal because the working fluid is not supplied to the spark region and thus vaporizing expansion of the working fluid did not result. At a higher level of additive, the current tended to repeatedly return to the low level, which was connected to successful cycles of spark-onset and spark-quenching.
Luo noted the effective role of debris produced at the gap in a precision die-sinking EDM using dielectric oil. 4) He demonstrated that debris could improve the discharge transitivity at the gap in place of the reduced inherent transitivity due to surface irregularity. The debris accumulation at the gap in the hole-fabrication EDM is likely to be more severe than that in die-sinking EDMs. 5) Due to the reduced clearance between the external wall of the tool electrode and the internal wall of the fabricated hole, debris accumulates more at the gap of a fabricated hole which has a smaller diameter. In addition to this, aqueous working fluid can produce more oxides of the eroded workpiece than di-© 2007 ISIJ Table 4 . Supplied power and energy efficiency in the drilling tests when using an additive (2.2 mass%). electric oil does, which causes aggregation and deposition of debris at the gap. Such debris accumulation mitigates against spark-quenching. The additive contains a fatty acid salt as a cleaner and carboxylic amine salt as an antirust agent. These two ingredients are inferred to play significant roles in promoting debris evacuation, leading to an effective erosion of the workpiece. Therefore, the drilling speed and the drilling volume per unit energy increased when the additive was used and the diameter of the fabricated hole was large.
A current pulse-on duration of 30-60 ms contributed to high drilling speed. Heuvelman and DiBitonto et al. have provided theoretical considerations of metal erosion in EDM based on a simple point heat-source model. 6, 7) Maximizing the melting sphere (maximizing the time-rate of erosion) of metal where energy is provided from current and voltage application determines the optimum spark duration of the current. This model suggests that the optimum spark duration attaining the highest erosion time-rate should be a function of the spark-off duration and the supplied energy. Tables 3 and 4 imply that, even if comparable average power was supplied, a larger diameter of the tool electrode provided a larger drilling volume per unit energy (e.g., current pulse-on duration: 40 ms at the diameters of 0.5 and 1.0 mm). The above point heat-source model in EDM can explain the existence of the optimum current pulse-on duration. However, when fabricating deep, narrow holes by means of EDM, debris behavior at the gap seems to strongly influence the erosion of the workpiece. At present, it is very hard to theoretically estimate the optimum pulse-on durations at different diameters of the tool electrodes.
For all diameters of the tool electrodes, the additive greatly reduced the wear on them. In the range 0.7-2.2 mass%, the rate of wear on the tool electrode was approximately constant or slightly increased with the pulse-on duration of the current. Patel et al. have described a point heat-source model to theoretically explore anode erosion in EDM. 8) They reported that there was a duration of the spark which lead to the maximum erosion time-rate of the anode. In the present study, clear maximum values were not observed for the wear on the tool electrode at the set pulse-on durations. It should be noted that, at each diameter of the tool electrode, the average energy used for drilling shown in Table 4 is consistent with the wear rate on the tool electrode. In particular, a rate of wear on the f 0.3-mm electrode when additive is used has a high correlation with the average spent energy. However, if the additive is not used, the wear on the electrode is inconsistent with the energy spent for drilling. Under such conditions, the impact of unevacuated debris on the wear of the electrode was not minor. The wear on the tool electrode when an additive is not used seems to be closely related to the behavior of the debris and to involve complicated mechanisms, which could not be elucidated in the present study.
Conductive aqueous working fluid is inferred to broaden the length of the gap because it can provide channels for the spark current. The broadened gap might activate sparks and reduce the exposure of the electrode's tip to sparks, which may cause the higher drilling speed and the lower wear than when deionized water is used. Meanwhile, the conductive working fluid can allow sparks to scatter outside the gap. In particular, at the inlet edge of the fabricated hole where the electric field is geometrically enhanced, thus producing unwanted sparks there. The inlets of the fabricated holes were therefore deformed when additive was used.
Conclusions
Deep, narrow holes were fabricated in 20-mm-thick S50C steel by means of EDM using the f 0.3-, 0.5-and 1.0-mm electrodes of the pipe tool. The working fluid used was a deionized water-based solution containing the additive which was composed of a surfactant (dispersant for other contents), a cleaner, an extreme pressure agent, an antirust agent, an antiseptic, and an antifoaming agent. The drilling speed, the wear rate on the tool electrode, and the precision of the fabricated hole were examined as functions of the additive level and the pulse-on duration of the current. The working fluid containing the additive was very useful for increasing the drilling speed and reducing the wear on the tool electrode for all the diameters that were tested. Fatty acid salt as a cleaner and carboxylic amine salt as an antirust agent were inferred to play significant roles in promoting debris evacuation leading to an effective erosion of the workpiece. However, the precision of the fabricated hole when the additive was used was much lower than when the additive was omitted, which is attributed to the increased conductivity of the working fluid. Spark scattering outside the gap resulting from the increased conductivity of the working fluid (100-1000 mS/cm) was deemed to be a prime reason for the deformation of the inlets of the fabricated holes.
